Mesembryanthemum crystallinum, the common ice plant, is a halophilic species that is capable of biochemical adaptation to water deficits in the environment. Under conditions of high water abundance, the plants operate in the C3 mode of photosynthesis. When the plants are subjected to saline conditions, the water-conserving CAM mode of photosynthesis is induced (30) . CAM induction can also be observed in plants whose roots have been cooled or deprived of 02 (28) .
This indicates that water deficit rather than salt stress in the narrow sense triggers the shift to CAM.
We have been interested in the molecular events leading to the expression of the CAM pathway (2). Approximately 100 to 200 different species of mRNAs are increased in abundance under salt stress (17) . Only a few of these have been identified. Some of the up-regulated transcripts are likely to code for carbon-metabolizing enzymes, of which at least 15 are increased in activity during induction (13) . The best studied example is a CAM-specific PEPCase2 isoenzyme that is different in apparent molecular mass (100 kD) from its C3 counterpart (110 kD) (11) and that is synthesized de novo (12) from mRNA newly transcribed from a stressspecific isogene (4).
Induction in detached, wilting leaves is triggered by minor water deficits. As little as 5% water loss leads to a strong increase in PEPCase transcripts (21) . This is much less than the 15% water loss that occurs daily in leaves from intact, well-watered plants during the light period (29) and suggests that well-watered plants should undergo PEPCase transcript induction during the day and transcript reduction due to rehydration at night (23, 26, 29) . Diurnal fluctuations in PEPCase transcript abundance are, indeed, observed, but only in salt-stressed (10) and not in well-watered plants (R. Hofner, personal communication). Another puzzling observation is that in wilting, excised leaves PEPCase mRNA is induced within 2 h (23), about an order of magnitude faster than in intact plants under salt stress (18) .
The lack of diurnal fluctuations in PEPCase transcript abundance suggested that leaf water deficit was not the only factor controlling PEPCase induction. The fast response to stress of detached leaves as compared to whole plants indicated negative regulation from the rest of the plant, most probably the roots. We therefore tested the following working hypothesis: Putative root-derived signals are not only not required for, but rather inhibitory to, PEPCase transcript induction. Under favorable soil water conditions, such putative regulatory substances would be transported to the leaves via the transpiration stream and would suppress PEPCase transcript accumulation by overriding daily transient conditions of leaf water deficits (9, 27, 29) , which in an isolated leaf would be sufficient to cause induction (21) . Limited water supply to the roots would lead to a decreased transport of the putative regulator and thereby trigger induction.
It has been observed that cytokinin activity in xylem exudates from water-stressed sunflower plants is reduced in comparison to the exudate from well-watered controls (14) . Cytokinin could therefore fulfill the role of a negative, root-derived regulator of PEPCase induction in Mesembryanthemum crystallinum.
Here we show that roots may exert negative control over PEPCase gene expression in leaves and that exogenously supplied cytokinin can simulate the root effect under various environmental conditions.
MATERIALS AND METHODS Plants
Plants (Mesembryanthemum crystallinum L.) were germinated in soil in a greenhouse under supplementary light (14 h at 15 W/m2) from metal halide lamps. Seven days or longer before the beginning of an experiment, plants were transferred to a controlled climate chamber (14 h light at 25 W/ m2 from metal halide lamps, 250C, 50% RH; 10 h dark, 150C, 60% RH) and grown in 0.74-L pots. For the experiment shown in Figure 1 , hydroponic culture in modified Johnson's nutrient solution was performed as described by Winter (27) . Samples were harvested 2 to 3 h before darkness, except when noted otherwise. Leaves were numbered starting with the cotyledons as leaf pair 0, and then pairs 1, 2, 3, etc.
Leaves from axillary shoots were given decimal numbers; e.g. 4.1 designates leaves of the axillary shoot from leaf pair 4. A schematic drawing of the leaf numbering system and the approximate lifetimes of individual leaf pairs is given in reference 21. Plant age is noted in weeks after germination and refers to the beginning of a given experiment. Plants were salt stressed by daily irrigation with 50 mL of 0.5 M NaCl in nutrient solution as described previously (20) .
Hormone Treatment N6-benzyladenine was purchased from Sigma and dissolved in ethanol. Working solutions were diluted as indicated using 0.01% (v/v) Tween 20. Leaves were sprayed using a perfume dispenser. Controls were sprayed with 0.01% Tween 20. When BA was applied via the petioles, 1 mM CaCl2 was used as a diluent.
RNA Extraction and Northern-Type Hybridization RNA was isolated as described previously (24 Other Methods Protein extraction and assay for PEPCase activity (23), wilting and rehydration of excised leaves (23) , and the probes used in northern-type hybridizations (24) have been described previously.
RESULTS
Rapid wilting of excised leaves induces PEPCase transcripts (23) . When whole plants were wilted, induction of PEPCase transcripts was less pronounced (Fig. 1) , although the water loss was slightly more severe than in the detached leaves (Fig. 1, insets) . Transcripts coding for SSU are decreased by wilting (23) . It should be noted that wounding in the absence of drought stress does not induce PEPCase mRNA (21, 23).
We therefore tested the following hypothesis: In addition to water stress, control signals emanating from the roots modulate PEPCase gene expression in the leaves. The bulk of cytokinin is known to be synthesized in the roots (8) and transported to the shoots, and, thus, this hormone could be a candidate for a possible negative regulator of PEPCase mRNA induction.
Exogenous cytokinin did, in fact, suppress PEPCase transcript induction in detached, wilting leaves (Fig. 2) . These leaves induced less PEPCase mRNA when sprayed with BA before the onset of wilting. Kinetin sprayed in the concentration range of 3 to 30 mg/L had similar effects (data not shown).
We were interested in determining whether cytokinin also caused decreased steady-state levels of PEPCase mRNA in intact, salt-stressed plants. Plants were stressed for 9 d with 0.5 M NaCl. During the stress period, they received a daily spray of 25 to 400 Mm BA or control solution. Again, the levels of PEPCase mRNA were decreased in stressed plants when BA was applied, in spite of the fact that water content was decreased in the hormone-treated plants. Chl per unit fresh weight was increased in BA-treated leaves (Fig. 3) . Older leaves wilted earlier in BA-treated plants (data not shown).
BA-treated stressed plants also showed decreased levels of PEPCase enzyme activity (Fig. 4A) . This shows that the (Fig. 3) are not compensated by regulatory translational mechanisms. Furthermore, CAM induction, as measured by acid cycling, was decreased in BA-treated plants (Fig. 4B) . The lower levels of PEPCase transcripts in BA-treated, stressed plants could be explained by inhibition of the induction process; e.g. by decreased transcription of the gene. Alternatively, a stimulation of mRNA degradation could be causing the apparent decrease in induction. Because reliable, quantitative methods to measure mRNA synthesis and degradation in vivo are not available, we have tried to approach this problem by indirect experiments. Plants were stressed with 0.5 M NaCl for 7 d. Then one leaf from node 4 was sprayed with cytokinin, whereas its counterpart from the same node was sprayed with control solution. After 8 h, the leaves were harvested. PEPCase transcript levels were decreased in the BA-treated leaves relative to the control from the same node (Fig. 5) . If the down-regulation of PEPCase transcripts had been achieved by complete arrest of transcription only, the rapid decrease in mRNA levels would indicate that degradation proceeds at an appreciable rate and PEPCase mRNA has a high turnover.
Well-watered, old plants decrease in water content (24) , while PEPCase transcript levels and enzyme activity increase with age in the absence of any stress treatment (3, 5, 21, 24, 29). BA inhibited this age-dependent PEPCase transcript accumulation in well-watered plants (Fig. 6) .
When salt-stressed plants (26) or detached leaves derived from salt-stressed plants (21, 23) are rehydrated, PEPCase mRNA levels decrease rapidly within a few hours. This decrease was accelerated when cytokinin was added to the rehydration solution (Fig. 7) . (Fig. 3) , enzyme activity (Fig. 4A) , and CAM induction (Fig. 4B) however, that the levels of cytokinins per unit dry weight in controlled by water status would enable regulation of PEPdetached leaves derived from the same node of a wellCase enzyme levels by both positive and negative mechawatered plant are higher in hydrated leaves than in droughtnisms. A PEPCase level finely regulated by hormones restressed leaves. This could be explained by synthesis (22) or sponsive to water status would be consistent with the view degradation, respectively, of cytokinin in the isolated leaves. that induction is tightly controlled and regulated, predomiMore experiments are needed to clarify this issue. nantly by environmental factors (21, 24, 29 (25) , or cytokinin-dependent intact plants grown heterin plants growing in drying soil even before leaf water otrophically in the dark (6, 7). Although it could be argued parameters change (1). The signal of root stress could be that leaves of intact plants under salt stress (Fig. 3) are ABA, which is increased in xylem sap when soil water cytokinin depleted, well-watered plants are not expected to potential decreases. Increases in ABA concentrations of xylem be cytokinin deficient, yet they are sensitive to exogenous BA sap correlate in a logarithmic-linear relationship with a re- (Fig. 6) . duction of leaf conductance in sunflower (31) . Exogenous cytokinin was found to restore stomatal opening in leaves ACKNOWLEDGMENTS from water-stressed maize (1). Morgan (19) drought and osmotic stress.
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